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VACUUM-INDUCTION MELTING, REFINING, AND 
CASTING OF URANIUM AND ITs ALLOYS 


Ross J. Jackson 


ABSTRACT 


The vacuum-induction melting (VIM), refining, and 
casting of uranium and its alioys are discussed. 
Emphasis is placed on historical development, VIM 
equipment, crucible and mold design, furnace 
atmospheres, melting parameters, impurity pickup, 
ingot quality, and economics. The VIM procedures 
used to produce high-purity, high-quality sound 
ingots at the U. S. Department of Energy Rocky 
Flats Plant are discussed in detail. 


INTRODUCTION 


Vacuum-induction melting (VIM) and casting of 
uranium is well-established, mature technology. 
Worldwide, this technology is used nearly exclu- 
sively to refine as-reduced metal and to convert 
this refined metal to useful shapes. It is also used 
extensively to reclaim scrap uranium metal by 
consolidating scrap to useful shapes. The resulting 
cast items may be ingots for subsequent rolling or 
extrusion operations or shapes that can be used 
more directly. 


The vacuum-induction melting and casting method 
is also used nearly exclusively for preparing certain 
uranium alloys, such as the popular U-0.75 wt % 
Ti, U-2.0 wt % Mo, and U-0.2 wt % V alloys. 
Other popular alloys such as the U-6 wt % Nb or 
U-7.5 wt % Nb-2.5 wt % Zr alloys do not alloy 
well by vacuum-induction melting because of 
difficulty in dissolving the high melting point alloy 
additions. But, even in these cases, the vacuum- 
induction melting and casting method is used 
nearly exclusively to shape uranium feed for arc 
and electron beam alloying, as well as for scrap 
reclamation and consolidation. 


A generalized flowsheet for vacuum-induction 
melting and casting of uranium and its alloys is 
shown in Figure 1. This report discusses various 


aspects of the development, operations, and logic 
of this flowsheet. 


One intent of this report is to give an up-to-date, 
historical overview of vacuum-induction melting 
and casting of uranium and its alloys. The primary 
intent is to describe the best procedures for this .. 
process. The report is biased by the author's 
23-year association with the uranium foundry at 


the Rocky Flats Plant near Golden, Colorado and a 
X prior seven-year association with uranium casting at 


Iowa State College's Ames Laboratory. Hopefully, 
this report gives technical and historical insights 
that led to the procedures that today produce 
high-purity, defect-free uranium and uranium alloy 
castings. 


URANIUM REDUCTION/REFINING/ 
CASTING DEVELOPMENT 


1789-1939 


Uranium was discovered by M. H. Klaproth! in 
1789 in Berlin. His initial and subsequent papers?” 
report the preparation of UO, which at the time 
was believed to be the metallic element rather than 
the oxide. The UO, was prepared by reduction 

of UO, in a carbon crucible. The UO, , because of 
its metallic appearance and high density, was 
mistakenly considered by Klaproth to be the metal. 


Uranium metal was discovered by E. Peligot? in 
1856 in France. His initial and subsequent 
papers” !? report on a series of experiments in 
which UCI, was reduced to metallic uranium using 
the alkali metals, sodium and potassium. Aluminum 


was also used successfully. Density of the uncon- 


solidated metal powder was determined to be 18.4 
g/cm?. One paper!! by Peligot describes the 
reduction of UCI, with KCI and fresh-cut sodium 
in a porcelain crucible. He reports that the metal is 
smelted by rapidly heating to a high temperature 
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“and that the uriconsolidated I can n later be | 
separated from the black slag by washing with 
water. ee stresses that oxygen 1 must be 
suit E NES E A 


In the years between Peligot' S anetal ción and 
1938, numerous efforts were made to produce an 
unconsolidated metal of reasonable purity. A few 
| efforts were also made to produce consolidated 
“metal of reasonable purity. In general, the efforts 
were not very successful. In fact, in 1940, because 
ofi impure, unconsolidated metal, the melting point 
of uranium was thought to be 1850 ^C. This is 
more than 700 € 20 than its actual iud 
poimi E po a e more 


| In the period 1 1856- 1938, ‘uranium metal icduclion 
“had been accomplished using aluminum,’ 8-16. 
calcium, !"-?" carbon, ?8-30 potassium $ 8-12,31, 32 
| magnesium, .23,33-37 and sodium -12,31,4 34, 38-46 


| In the same o uranium hetal seduction had 
been accomplished by the electrolysis of fused 
salts??^^755 and possibly by electrolysis in organic 
liquids?6 and acid solutions.5^58 Uranium metal had 
also been Mw by thermal disassociation.°? ©? 


Some éfforts v were > made during the period 1856-1938 
to purify uranium metal by distillation!é 225, 57,63,64 
and by sputtering thin films.65-67 A few efforts 
were made to compact the unconsolidated metal 

by sintering®®® and by fusing unconsolidated 
metal in an electric arc.4 


Most of these referenced papers reported success 
in their experiments. Generally, the metal was 
impure and unconsolidated. When metal was 
consolidated, it was generally impure and in 

small quantities. An impetus was needed for 
development of a new process or improvement 

of an existing one to produce a high-purity 
consolidated metal. The impetus was provided by 
Otto Hahn’s discovery of uranium fission in 
December 1938 in Berlin. 


The nuclear power implications of Hahn’s discovery 
were soon recognized. By 1941, in the United 
States, nuclear physics experiments using uranium 
oxide showed that a self-sustaining nuclear reaction 
could be achieved by stacking natural uranium and 


P. P t in a qu pile. For the e pile, 
to work at the smallest possible size, the uranium - 
and graphite would have to be as pure and as dense 
as possible. In late. 1941, the task of finding a 
production process to produce large quantities of 
high-purity. consolidated metal was assigned to . 
Professor F. H. Spedding c of the Iowa State College 
Chemistry Dru 5 


1940-1945 


The work leading to the present process began - 
early in 1942 by scientists at Iowa State College in 
Ames, Iowa. The work was under the direction of 
F. H. Spedding, a chemistry professor. The present- 
day metal reduction and metal refining/casting 
process was developed there during 1942 and 1943. 
The process has stood the test of time. Consider- 
able refinements have been made, but the process 


“ is basically the same today as it was in February 


1943 in Ames. 


In o 1942, it was PER ae that uranium 
metal could be prepared by one of several methods. 
Laboratory tests by the Iowa State team on some 
of the more promising methods for production 
were subsequently reproduced. However, these 
tests showed that the methods gave poor quality 
uranium metal or left much to be desired, 
process-wise, for a large-scale, low-cost operation. 
These conditions warranted an exploratory effort 
directed toward development of new methods for 
preparing uranium metal. A workable process 
employing the reduction of uranium tetrafluoride 
with calcium was the first major step in the desired 
direction. This process was soon followed by 
development of a workable method for producing 
uranium metal from uranium tetrafluoride with 
magnesium. In either case, the as-reduced metal 
was refined and cast by vacuum-induction melting. 


When the program on atomic energy in the United 
States was expanded early in 1942, there were two 
American producers of uranium metal operating on 
a small scale. One producer (Metal Hydrides, Inc., 
Beverly, MA) used calcium hydride for reduction 
of uranium oxide. The mixture of UO, and CaH, 
was placed in a steel cylinder inside a retort, which 
was heated to 960 °C. After the reaction occurred, 
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Several tons ofu uranium i metal were e produced a in e 
re the chemistry. laboratories at lowa State Ces m 
od E d the latter half of ele vang all Ca Duo 





D UM a Sieh eee n E A temperature Pu 


SIR : /— higher ieuiperalire s was attained at Must eos 
A oe 9007 €: was s employed f for the fused salt a 


o placing. the steel bomb containing the mixed charge 
a Ok magnesium and uranium- -tetrafluroide i ina heat- 
Hc . soaking pit until the temperature of the charge v was 
us raised. to the point of spontaneous ignition. The. 

"n reaction. developed sufficient additional he atto | | i oT 
on . fuse. the products, the dense liquid. uraniun a E | ME 





| “removed : as one large mass (“biscuit” or erby"). A 
pc a UM. Eur biscuits, weighing. from 40 to. 125 pounds i im s 
ve zs Nae method met al the desired und: e early 1943, were melted and refined | ina vacuum- . ds d 
uU e induction furnace and poured. into graphite molds CET 
(05 ag processes. for large- scale, low- cost production of nao Fae 
TN high-impurity uranium metal. Production Nagios 
Er epped up, however, by both methods beginning nd E 
ee early i in 1942. -Plans for. even larger expansion of. p 
Qu Ihe electrolytic plant were shaping up when the 
o practicality. of uranium tetrafluoride- calcium | 
reduction followed by VIM refining and casting i in m i 2n uu 
om. graphite c crucibles w was. is demonstrated. at Ames. z 


m d to form ingots about 4 inches in 1 diameter and - 
vola inches long. | puo n us 


E work à at tT State ecole: in 11942 | O ES 
moo bad demonstrated that graphite crucibles could be AT 
DE employed | for vacuum-induction n LM | of: a 





| charging atomic piles, dt alo eds as à pilot: 
plant where industrial technicians could inspect. 
the process in operation and gain information for 
planning similar production plants elsewhere. The 
process was readily expandable, providing high- 
purity, defect-free uranium at a low cost. More 
than 1,000 tons of uranium metal billets were 
shipped from the Iowa State production plant 
before industry took over uranium metal 
production coer. 


So thoroughly did the Raves group investigate the 
magnesium process in early 1943 that no other 
method was considered for production plants 
constructed that spring. The largest was built at 
Niagara Falls, NY by the Electro- Metallurgical 
Company. Electromet produced the first ingot in 
its new plant i in J uly 1943. A few days later, 
Mallinckrodt began production on the floor above: 
its green salt plant i in St. Louis. DuPont operated a 
small reduction f acility at its Deepwater Point 
plant until August 1944, and Spedding expanded 
the pilot plant at Ames into a respectable produc- 
tion facility. Metal Hydrides and Westinghouse 
continued metal production during the summer of 
1943. The Westinghouse electrolytic plant was 
shut down during the fall of 1943 after producing 
65 tons of high-grade uranium metal. Metal | 
Hydrides, DuPont, and Ames gradually shifted 
their operations to recovering ever-increasing 
amounts of uranium scrap and turnings from the 
slug fabrication plant at Hanford. This recovery 
operation was by VIM refining and casting. From 
time to time, there were minor fluctuations in the 
uranium metal supply lines, but this general 
pattern prevailed from the fall of 1943 until after 
the war. 


1946 E Present 


The Ames process for UF, -Mg reduction and 
subsequent VIM melting, refining and casting of 
uranium is described in several post-war reports. 7073 
In the late 1940s and early 1950s, three large 
production uranium foundries were built in the 
United States. All were equipped with bottom-pour, 
vacuum-induction furnaces for the melting, refin- 
ing, and casting of uranium. The three foundries 
were at the USAEC facilities at Oak Ridge, TN 
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(Y- 12 Plant), Perala OH (Feed Metal Pxoddctión 
Center), and Golden, CO (Rocky Flats Plant). The 
uranium processing plant constructed i in the mid. 
1950s at Weldon Springs, MI did not containa - 
uranium foundry.? 74 The Weldon Springs facility 
was designed to bomb-reduce a 1500-kg derby and 
extrude it directly to bar, rod, and tube. The 
Weldon Springs Plant was closed in 1963. The 
uranium foundries at DEA FMPC, and Rocky 
Flats are > still in as | 


Since the ells of deid uranium was 
declassified by the U: S. Government in the mid- 
1950s, vacuum-induction melting, refining, and 


“casting of uranium is well documented in the open 


literature. Perhaps the best single reference is a 
paper by Jaynes, Taub, and Doll.75 This is an 


excellent 1957 state-of-the-art summary of the 


culmination of early VIM work at Los Alamos 
Scientific Laboratory and other laboratories and 
production facilities. It is devoted entirely to VIM 
refining and casting of uranium. Perhaps the best 
recent reference is a paper by Caddon, Jessen, and 
Lewis,” presented at the 1972 Vail Conference. It 
is an excellent 1972 state-of-the-art summary on 
uranium and uranium alloy melting at the Y-12 
Plant. Subjects covered include induction, arc, 
skull, electroslag, inductoslag, and plasma-arc 
melting. Many other excellent papers on VIM 
refining and casting of uranium and its alloys are 
in the open literature. 


Several monographs'” 8! on uranium metallurgy 
contain discussions on vacuum-induction melting 
and casting. Probably the most informative 
discussion is by Harrington and Ruehle”” who 
discuss VIM casting of unalloyed uranium at the 
USAEC Feed Metal Production Center at Fernald, 
OH and VIM casting of alloys. Coreduction and 
arc-melting of alloys are also discussed. The 
preparation of alloys of U-A1, U-C, U-Mo, U-Nb, 
U-Si, U-Ti, U-Zr, and U-Nb-Zr by VIM casting are 
described. Wilkinson? gives a generalized treat- 
ment of VIM casting of uranium and its alloys. 
Wilkinson” later discusses the VIM casting of 
U-Mo and U-Nb alloys. Gittus®® gives a discussion 
of VIM casting in England (Springfield Uranium 
Processing Facility), France, and the United States. 
Galkin et a1.9! gives an informative discussion of 
VIM melting and casting of uranium in the USSR. 


Du “Theo open tema ure. contains papers s related : gd 
E specifically to mold materials, 82 mold coatings 8 33-88 "Y 
WS ^ mold. design,? 21,89. mold heating, 9991. solidification a 
-> mechanisms,’ 92-94. "segregation, purification, ?? 
ESOS factors affecting ingot quality,” 2, 100-108. centrifugal B E 
pee P casting, 1% | 

o casting natural uranium,*% casting enriched - 
uranium, !®8 theoretical considerations i in ning! 
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‘injection casting, 15. large castings," 106. 


“and in computer applications.8%92™ 


Papers describing vacuum-induction melting and: 
casting procedures at uranium foundries in the = 
“United States have been published by Battelle 


o .. Memorial. Institute!!? at Columbus, OH, the Feed ne E 
Metal Production Center! 12 at Fernald, OH, 
ae <> Hanford Works!!3 at Richland, WA, the Los 
Alamos Scientific Laboratory”: 

NM sand the Y-12 2 Plant?" a at t Oak Ridge, TN. 





sat Los dn. 


PUN ‘Papers dicen © or + mentioning \ won: on vacuum-. e 
o induction melting, refining, and casting of. uranium pu 
oe . were published | by France, 115 Germany, $. Italy, aro 7 
a Russia! 81,118,119 and the United Kingdom & 80,84, 120422 s 
eA paper on electric-resistance- heated vacuum > E 
EE |, melting o ofu uranium was s published by Belgium. 12 y A 


S. a Aride hi ne abo been n published a to ihe. 
o .. vacuum-induction. melting and casting of alloys. of 2 a l 
SU URAL 77124125, YC 97: U- Cr, 126 U- Mo, 17,79,125,127 

O UND,” 77,795 102, 128-131 ; iU- Si,’ T 125. Ue Ti, 17,95, 101, 125, 130 E 
NEL SUME 125 ` and U- Zr .71,104,129,1 132. m C NA 


oS : Induction. Heating Development | | 


In 1831, Michael Faraday mo the | 
“phenomenon that allows induction heating. His. 
experiment, in which two coils of wire were wound 
on an iron ring, provided the first transformer on - 
: record and the first realization of. the phenomenon 

of electromagnetic induction. The successful - 








o high frequency 


oe A A incorporate. 2000, 





LUE very, y limited in maxi 


RPA 4 8 6 2 ux ue SUM : co a ro : 


ap paratus. f for heating c of | metals. oe 


no “melting: wherein s metallic crücible was ated by - a 
* o Biens uae heat. of the crucible w was s trans: fe Was 3 = eee 
-mitted to the c BR 
o “(coreless heating). uu a ; n p je l E cR D AR = a ii m S ie eo » m A : VER 





The first fullscale attempt to induction melt metal | 
occurred about 1890 in a ring-type furnace | 


developed in Sweden by Kjellen. Production 
records are scant, and the actual performance and 


use of this furnace i is not known. 


RR was slow, da T was s not until 1917 thats 


Ca successful melting ona production basis a o A ix 
i dk was demonstrated. This occurred. at the Bridgeport o 
| E D Brass Company i in the. United States. Electrical | E | : : | de 
a was induced i ina submerged. loop of molten E : md 
7 uu metal by linking it through coils built into. the. ATA 
| furnace, taking | power from 60- Hz energy S a B oo 
— (core-type. heating). The first production scale 

“vacuum-induction melting furnace was built by SER 
- Heraeus. of. Hanau, "West Germany (near Frankfurt) | yes de 
This furnace was complemented by two additional Er 
-furnaces i in | 1926, each 1 with ; a | four-ton charge | D 
is capacity.: jue CCR e we XEM O 





: Ther main n growth i in aum or melting and Rs 

AC l casting began shortly after World War E “This was s M 

"dueto development. of efficient. vacuum pumps. 

x “and the high-quality material requirements - 

necessary for rapidly developing n nuclear and DAD 
mr as Aerospace industries. 1 Er um m T 


pon T he s carly d 1900s, E E . Northrup. nud cu. Ee 
“with coreless induction melting. He perfected and na 
: patented many of the furnaces in use today and. 


developed the first production coreless furnace 
installation in the United States. Early Northrup 
furnaces were spark-gap converter powered; later, 
with help from the General Electric Company, 


. high-frequency motor generators to 960 Hz 
e x became available. Still later, the frequency range.. 
x * B opere ation of such a mechanism. or device to bring of rotating converters was extended in stages to. 
ae “about transformation of energy by induction | EN 
A 3 m | required alternating currents; and i in 1840, auto- ga 
(o matic. mercury or platinum. contact interrupters - : A E 
2 (called spark gaps) had come into use. ‘Shortly EG 
oco after. b 850, a | large number of patents were issued n 


? 


Men 100 000, : and 120 000 Hz. 







; : Bearing robleme and. asso ted d high ri repait ¢ r costs RO P 
led to the search for static devices to power . EUM 


induction furnaces. Spark-gap c converters were Fe 








general, had maintenance and electrical problems 
limiting their use. In the early 1940s, a mercury 
hydrogen. converter was developed by Allis 

Chalmers Company and sold in ratings to several 


= hundred kilowatts at frequencies ranging from 800 


to 1500 Hz. A converter based upon a saturable 
| transformer was developed by Ajax Electrotherm 


hs Corporation in the 1950s. This system tuned to 
“and used the third harmonic to work into a furnace 


o coil at 180 Hz. Later, Inductotherm piggy backed 
“a saturable tripler on a saturable tripler and 

produced 540 cycles for smaller furnaces and 

ad reuns oo edem 


| The 1970s aiid 1 1980s s were cup the decades of 

“solid state for the induction industry. Silicon- 
controlled rectifiers (SCR) i in solid-state systems 
became all- -pervasive, to the point where new 
induction heating and melting installations at any 
frequency will be SCR controlled. Solid state has 

made possible < any frequency from 60 Hz to 50 kHz 
on single power blocks up to four megawatts. The 
takeover is primarily based on economics with 
initial costs in some cases less than half that of 
rotating converters. Flexibility in frequency and 
control, plus high-conversion efficiency, also make 
solid-state SCR conversion the most attractive 
system. The future of induction melting and 
heating is rinses related to the future of solid- 

| state FORCE 


The histörical development of the vacuum-induction 
melting of uranium began in early 1942. The 
vacuum-induction melting, refining, and casting 
method was used by the Iowa State team to 
consolidate, purify, and shape their calcium-reduced 
metal in 1942. The merits of vacuum-induction 
melting were soon recognized such that the early 
uranium production foundries at Iowa State 
College and Electromet (Niagara Falls, NY) used 
bottom-pour, vacuum-induction melting and casting 
techniques. The three large USAEC uranium 
production foundries that came on line in the late 
1940s and early 1950s were equipped with bottom- 
pour VIM equipment. Other privately-owned 
uranium production casting facilities have come on 
line since that time, i.e., Nuclear Metals Inc., of 
West Concord, MA and Barnhill County, SC 
(actually a subsidiary called Carolina Metals), 
National Lead Company in Albany, NY (presently 


EI 


defunct and under USDOE | guardianship), and. 
Tennessee Nuclear Systems of J onesboro, TN. 
(a subsidiary of Aerojet Ordnance). All were. 

designed with bottom- gi VIM furnaces. 


Induction Heating Principles D T | ; E A 4 Ñ l À 


Induction He is ‘welldocumented technology. 
Numerous monographs 19 338 have been published 
on the subject. A short treatment of the principles 
involved in induction heating i is that of Leatherman 
and Stoats. p | - 


Induction heating i is an lechal method of heating 
metais or conductive materials for processes such 
as melting, surface hardening, brazing, soldering, 
welding, tempering and annealing, forming and 
extrusion, shrink fitting, and many others. | 


The induction pum circuit i is, p ui. 
transformer. The inductor, or work coil carrying 
the alternating current is the transformer’s primary 
and the material to be heated becomes the 
secondary when placed within the loop formed by 
the inductor. There is no physical contact or 
connection between the work and the work coil. 
The magnetic field created in the work coil induces 
a flow of current in the material to be heated. 
Heat is generated by the induced flow of current 
and the material’s electric resistance to the current, 
i.e., the I? R losses. 


In addition to I? R heating (frequently referred to 
as induced-current or eddy-current losses), another 
form of heating takes place in ferromagnetic 
materials known as hysteresis losses. This is a 
result of **molecular friction" caused by magnetiz- 
ing, demagnetizing, and remagnetizing the material 
in opposite directions by the alternating current. 
It explains why ferromagnetic materials heat 
faster below the curie temperature with induction 
heating than non-magnetic materials. In non- 
magnetic materials, only the eddy-current losses 
exist. 


Commonly used frequencies for induction heating 
are 60-Hz (commercial power lines), 180, 540, 
1000, 3000, and 10,000 Hz (motor generators or 
static power supplies), 20,000 to 600,000 Hz 
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dud The m foundry contained 12 Stokes 
vacuum-induction melting furnaces. All the power 
supplies were motor generators. The vacuum 
7 systems were mechanical pumps backed by oil 
diffusion pumps. The furnaces were top-loading, 
bottom-pour i in design. Eight of the 12 furnaces 


k . had 66-inch inside diameters. The other four 
L1 furnaces had 36-inch inside diameters. The larger 


EN furnaces were rated at 250 kW and 960 Hz. The 
four smaller furnaces were rated at 100 kW and 
3000 Hz. | 


i Two o ime S ongihdl 12 furnaces (36-inch i.d. units) 
were removed i in the early 1960s to make room for 
a beryllium machine shop. Two 36-inch i.d. units 
were removed and scrapped in 1982 and 1983 to 
area room for; a ret ds e shop. 


o Major renovations of the eight remaining large 
furnaces occurred from 1985 to 1987. The 
vacuum pumping efficiencies were doubled by new 
“mechanical roughing | pumps and by replacing the 
oil diffusion pumps with Roots blowers. The motor- 
generator power supplies were replaced with 
solid-state SCR converters. Several new induction 
coils were obtained. New temperature and 
pressure monitors, controllers, and recorders 

were installed. 


The remaining eight production VIM furnaces 

are in their original locations. They require three 
floors for operation. However, all metallurgical 
operations are conducted on the top (third) 
floor. Only maintenance operations are carried out 
on the first two floors. Furnace controls, power 
supplies, and vacuum systems are on the top floor. 
Loading and unloading operations occur on the 
top floor. The middle floor contains the solid- 
state converters, bus bar, mechanical roughing 
pumps, Roots blowers, and most of the furnace 
shells. The lower floor contains the furnace load 
lifting rams, hydraulic pumps, circulating water 
pumps, and water makeup tanks. 


Furnace Shell and Coils 


A cutaway view of a Rocky Flats VIM furnace is 
shown in Figure 2. All furnaces are top-loading 
and bottom-pour in design with identical 66-inch- 
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diameter shells, pumping g systems, power ‘supplies, 
controls, and monitoring systems. Five furnaces 
have 42-inch-diameter coils; three have. 28-inch- 
diameter coils. All the coils are four feet in height. | 
The three furnaces with 28- inch diameter coils | 
were replaced with 42-inch-diameter coils i in. 
1987-88 to increase foundry melt capacity. The 
42-inch coil accepts a 35-inch- diameter crucible | 
and mold, while the 28- inch- diameter coil accepts a 
23-inch-diameter crucible and mold. Figure 2 shows 
the ent with the smaller ¢ diameter coil. 


The fürnace shell a double T ohuen 
The outer wall is carbon steel. The inner wall is a 
non-magnetic grade of stainless steel. A non-. v 
magnetic material for the inner wall vents É a 
inductive coupling and subsequent heating of the 
shell. The space between the inner and outer walls 
serves as a water jacket for cooling purposes. The 
furnace top opening is for loading and unloading 
the crucible and mold. The bottom opening iS. 

for maintenance, repair, and cleaning major Eni 
spills. The openings are sealed with O-rings. The 
top has a sight glass to view crucible conditions and 
to read the optical temperature of the metal. There 
is an opening in the middle shell for the stopper 
rod lifting mechanism. There are also thermocouple 
lead wires, openings, a sight glass shutter opening, 
a power port opening to provide bus bar inlet for 
the induction coil, a high-vacuum port opening to 
facilitate evacuation of the furnace, and a ventila- 
tion port opening to downdraft the furnace during 
hot-stripping operations. Two 42-inch-diameter 
coil furnaces have an opening in the lid for a 
mechanical plunger stirrer. All openings are sealed 
with O-rings. 


The induction coil is fabricated from copper tubing 
providing an electrical function and a mechanical 
function. The electrical function is to act as an 
inductance; the mechanical function is to cool 

the induction coil. One-inch-diameter tubing is 
flattened to an elliptical shape and wound in the 
form of a helix to the proper diameter with the 
proper number of electrical turns to form the coil. 
Each 42-inch-diameter coil consists of six copper 
tubes each having four turns within four feet. 


Between the coil and the graphite crucible mold is 
a firebrick lining. There is about one-inch clearance 
between the firebrick and coil and between the 
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<: firebrick a E crucible- mold. Firebrick for the | 
.. 2&inch coil is one inch. thick, while that for the 


p SUDAN is two o inches thick. The furnace lining | 


st dsa special type, insulating i T fractory material 


ab Paiet? against 
ama mold, and. 


montar does i not: have to be: dried. ‘and 1 Q1 the open. 

etween bricks act as e expansion. cushions to 
accommodate i severe thermal shocks i$ during normal. 
operati tion. | 2 d c c T. 


] he urnaces a are Lr with two » independent. 
within a single housing. “Their functions are. 
as follows: T he outer ram is is used | to lower the. 


entire furnace * bottom f for routine maintenance ril; ne 





Furnace Load 


The inner ram mechanism raises and lowers what is 
referred to as the furnace load. A typical furnace 
load is shown positioned in the coil in Figure 2. 
At the bottom isa platen. The platen, attached to 
the top of the inner ram, is a heavy cast stainless 
steel plate, which acts as a base support for the 
spacer can. The spacer can is a stainless steel 
weldment specially fabricated to establish a 
minimum height between the inner ram and the 
mold. Above the spacer can is a solid graphite 
chill block. The chill block causes heat to flow 
mainly from the bottom of the mold rather than 
through the sides. This causes directional solidifi- 
cation, which is critical in uranium casting. The 
chill block also serves to position the crucible and 
mold in the coil. 


The height of the chill block, spacer can combina- 
tion is the preferred adjustment mechanism for 
positioning the mold and crucible in the induction 


coil. Rather than attempt to adjust the ram height, 


the normal operating procedure is to adjust the 
inner ram to the lowest position and choose a 
properly dimensioned spacer can and chill block 
to position the mold and crucible. Such an arrange- 
ment results in better reproducibility of mold and 
crucible positions. Furthermore, there is some 
question regarding possible heating of the steel 
ram while it is in the inductive field. Fully lowering 
the ram eliminates this potential hazard. 


Above the chill block rests a graphite splash tray. 
Its purpose is to contain a spill in case a crucible 
or mold fails. It is critical that any spill be 
contained. A melt-through of the furnace bottom 
or wall could lead to a disastrous steam explosion. 
The splash tray also serves as a host shield to 
prevent damage of such things as thermocouple 
blocks and leads. 


The last two major components of the furnace 
load are the crucible and the mold. These items 
are always arranged so that the molten metal 

from the crucible can be poured into the mold 
without moving the mold or crucible. To 
accomplish the pouring action, the crucible is 
placed over the mold and centered so that the 
bung or pouring hole in the bottom of the crucible 
is directly above the mold opening (sprue). The 
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crucible is the container Jor E the is 
The melting action results from inductive coupling 
of the coil with the crucible walls. Heat resulting 
from this phenomenon is then conducted from the 
crucible walls to the crucible bottom to the metal, 
subsequently mene E charge. 


Above the mold rests a 1 1/ inch thick graphite 
spacer. The grooved spacer allows gas to escape - 
when the metal is poured. Above the spacer rests 
the crucible, which contains the charge to be 
melted and cast. The crucible contains a bung and 
stopper rod to control the metal flow into the 
mold. 


A controlled pouring action is maintained by 
placing a graphite stopper rod into the bung of the 
crucible. The rod is held firmly seated in the bung 
by the stopper rod lifting mechanism. When the 
metal is melted and thoroughly outgassed, the 
heat is poured by raising the stopper rod, thereby 
permitting the molten metal to flow from the 
crucible into the opening (sprue) directly below. 


Placement of the mold within the induction coil 
is critical; that is to say, the mold must be 
positioned in the induction coil so as to establish 
the proper temperature gradient from the bottom 
of the mold to the top. A steep temperature 
gradient is very important to permit progressive 
solidification from the bottom to the top. 


It is imperative to control mold temperatures as 
well as melt temperatures. Mold temperatures are 
measured by thermocouples positioned in the mold. 
Melt temperatures are measured by viewing through 
the sight glass with an optical pyrometer. Because 
of the crucible’s placement above the mold, it 

is impossible to view the mold itself. For that 
reason, thermocouples are placed at required points 
on the mold. The furnace and instrument panel 
are capable of measuring and recording three mold 
temperatures: bottom, center, and top. Generally, 
only mold bottom and mold top are monitored. 


Vacuum System 


From 1953 to about 1985, mechanical roughing 
pumps backed by oil diffusion pumps evacuated 
the furnace chambers. The pumping systems were 
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e : EN RS to evacuate the chambers to less than 50 
* : XM microns Y with ample pumping capacity to maintain 
ess than. 100. microns during melting. Present 


_ technology s suggests furnace vacuum equipment 


x E should. consist. of displacement and/or blower-type 
eee pumping systems rather than oil diffusion systems. 


d AS During. 1985 and. 1986, al I the stokes mechanical 





AN E e) cost P 000 each. The blowers 
take over at about 150 torr. The furnace chambers 
is are about 350 cubic feet in volume. Pumping 

" E . effi iciencies have about doubled with the new 

E P umping pem | 











E Presently, wher: the vacuum falls below 100 

= microns, the casting run may be initiated; however, 
a itis preferable. to wait until the vacuum falls below 

104 microns. “The vacuum increases during the 


Eo run by 10 to = microns and then decreases 


usd 1953 to aba 1985, motor generators 


no supplied | the high-frequency power to melt 
. uranium at Rocky Flats. During that period, 


uranium. was melted at power settings of 45 to 
250. kW at. frequencies of 900 to 3000 cycles per 


“ox “second. The four furnaces removed in the 1960s 


“and 1980s had motor generators rated at 3000 


 cycles] per second. The power used to melt 
b -uranium depends on the size of the casting to be 
E . made, the frequency, and the alloy content of the 
E uranium. Mold. temperature is determined by 


E thermocouple; metal temperature is determined 


"s Ed optical pyrometer. 


oe 221m 1985 a 1986, all the motor-generators were 
A. replaced with AC/AC : solid-state SCR power 
pM. - Supplies. The power supplies were manufactured 
by Ajax Magnethermic Corporation of Warren, 
Hin “Ohio. The units are rated at 250 kW (Model A-3) 
Ro ^ “and cost $42, 000 each, The power input is rated 
ap 480 V; 340 kVA, 408 A, 3 phase, and 60 Hz. 
AS | he power t output i is rated at 250 V, 1500 kVA, 








408 A, 1000 Hz. and: 250 kW. The Zine B 
diameter coils are operated. at 960 Hz at a power. 
to 275 kW. The 28- inch- diameter coils : are 
operated at 720 Hz at a power to 180 kw. 


VIM OPERATIONAL. PARAMETERS 


Operating procedures vary with each mold pos 
and to some extent with identical 
therefore, difficult to apply a se à 
conditions that will universal 









desired results. However, Opera ng par meters — : e 
showing the greatest influence c can 1 be e examined, A NI 





Typical Casting Run. | e E E : | E: : x V S 


The ingot mold is first PET "m idit: no 3 e 3 
the furnace. The charge. crucible i is then placed | NEU 


directly above the mold, almost touching it and 


carefully aligned with respect to the mold. Insula- E at Le 


tion is placed. around the crucible and mold. as. 


needed. Generally, the upper part of the mold is so 


insulated and the bottom i isnot. The crucible/ mold 
is lowered through the coil and positioned such | 
that the top part of the mold i is slightly: (two to. 
three inches) in the coil. The mold then: receives E 
heat from both the heated crucible above it and the 
induction coil. This heating, combined with the 
insulating sleeve around. the upper part of the mold, 
creates a steep temperature gradient from top to. 
bottom. When the melt is poured, the temperature 
gradient causes directional solidification to | 
from the bottom to the. top of the ingot. “This | 
casting practice normally Produces in: neek itn no | 
















solidification i is DUM eniin E tes s 
concentrate in a shallow top layer of the ingot, 


After the furnace i is aui and sealed, iti is | 


evacuated bys vacuum i pumping. When the pressure "ES » 








checked for proper E "After ‘the | T ERRA 


to 10-20 microns, induction heating is started. For. E no 


a large uranium charge, the power is slowly OES 





increased to 100 kW. After. 15 min es at 1001 O kW, oon 





the power is increased to 180 kW, held 15 minutes, 


and then increased to 220 kW. Pumping and 
heating are continued until the melt temperature 
reaches about 1425 °C; the temperature is then. 

. dropped (by reducing power) to 1350 °C and the 
melt is allowed to outgas for about 30-45 minutes. 
The melt i is not poured until the charge stops 
bubbling. Magnesium, slag from reduction oxida- 
tion products, hydrogen, and radioactive decay 
products such as thorium and radon float to the. 
top of the melt. The volatile impurities, of course, 

distill from the melt. Before pouring, the mold 

bottom temperature is checked to ensure that it 

is above 700 °C and below 850 °C. The power is 

then turned off, the furnace is isolated from the 

pumping system, and the pour is made manually 

“by actuating the pouring mechanism, which lifts 

the coated graphite bungs. The pour is complete 

after about two minutes. When the ingot cools t to 
about 300 20 (a temperature at which uranium 

E does not oxidize excessively), the furnace is Uu UBI 

to atmospheric. pressure with nitrogen and opened. 

The overall time for a heat is 11 hours, with pump- 

down and heatup requiring three hours, melting 

and casting one hour, cooldown six hours, and 
loading and unloading another hour. This cycle 
can be reduced about three hours by admitting 
helium gas to the furnace chamber shortly after 
pouring to hasten Sog 


Uranium Melting and Casting Chiardetéristios 


Uranium has a relatively high melting point (1131 

ºC), high boiling point (~3820 °C), high heat of 
fusion (20 cal/g), and high heat of vaporization 
(~450 cal/g). The large liquid range (over 2000 °C) 
and the accompanying low vapor pressure in the 
normal melting and casting temperature zone 
(1300-1450 °C) are very desirable. One difficulty 
in melting and casting of uranium is the temperature 
required to maintain fluidity during castings, i.e., 
1300-1450 °C. Not only are these temperatures 
costly to achieve, but more importantly, uranium 
at these temperatures is a highly reactive metal. It 
is highly reactive with most container materials 
and most atmospheres. 


A vacuum or truly inert atmosphere is required for 
melting and casting uranium. Also required is a 
strong container material that can be made inert to 
liquid uranium. A good heat source is required to 
keep things hot. Fortunately, vacuum-induction 


x OP e RFP-4186. 
melting and Posted graphite: maces: are well 
established technologies, thus allowing easy - 
melting of uranium and a high-purity dl in 
the form of defect free castings when done. 
properly. ame m: 


Another factor i in melting ane casting uranium is 
its high density in the liquid state (16.6 at 1140 

°C). This requires a strong container material 
capable of withstanding high. loads as well as high 
mechanical and thermal shock. Foundry buildings 
actually shake when a heat of uranium is poured. 
But the high density and corresponding high 
hydrostatic head do aid cavity filling, thus 
producing a sound casting. 


| Virgin M Metal Feed 


The virgin or source iiétal for VIM refining and 
casting is depleted derby uranium and scrap. 
Depleted uranium isa by-product of uranium 
enrichment plants. It contains less than 0.71% of 
the fissionable U-235 isotope. Naturally occurring 
uranium contains 0.71% U-235, while enriched 
uranium contains more than 0.71% U-235. 
Depleted uranium produced in the United States 
normally contains 0.2% U-235. The casting 
concepts outlined in this report apply equaily to 
natural, enriched, and depleted uranium, except 
that nuclear criticality concerns limit the charge 
and ingot size for normal and enriched uranium, 
especially for highly enriched uranium. 


Depleted derby uranium is the end product of 
reducing the depleted UF, by-product of the 
uranium enrichment facilities. This is a two-step 
reduction: 6-4 and 4-0 reductions. 


The source of all virgin metal for melting and 
casting at the Rocky Flats Plant is the Feed Metal 
Production Center at Fernald, Ohio operated for 
the DOE by Westinghouse, formerly operated by 
National Lead of Ohio (NLO). 


Uranium metal is produced at Fernald by reducing 
uranium tetrafluoride, UF, (green salt), with 
magnesium metal flakes. The chemical reaction 

is represented by the following equation: 


U + 2MgF, 
(All os $e. + -83.5 kcal) 


A small excess of magnesium is required to achieve 
maximum yields. This thermite-style reduction of 


UF, + 2Mg = 
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TER m 0-50, copper. 5-50, hydrogen 2- 10, iron . 








D. what. inert, i.e., not highly reactive to molten the! 
uranium. “When protected by a painted ceramic E . . macl 
ros coating, the graphite components are reusable — 
^ . and more economical than anta known ¢ ceramic 26-inch dia 
a. - substitute. - oes qu I e ee E it A -o 
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JI E levels of derbies méited and 
Rocky. F lats Plant : are: aluminum 8- 40, 
















10:190. magnesium | E 10, nickel 10- 50, , nitrogen — 





S z 2 derby. NN the con operation 1 must de 
o i cleaned. and then melted and cast under vacuum. 
EU. . Vacuum melting reduces the level of certain | 
z objectionable. impurities a and À permits casting. of the E 
COD metals n into P ingot form. ee ae ae 








eo Graphite is i oursently, 2) PRESS DENSA in uranium : 
po “VIM foundry casting operations because it is ae 
ee - readily available, is easy to machine, has good + 
(e thermal-shock resistance and heat-transfer | EE M 
T properties, is relatively inexpensive, and is some- | Oe MIC 


e V Great Lakes C Carbo Corporation. and Union 
eri steel vessel insulated with. a refractory lining of the . Carbide Cor | po d ui 

E - reduction. by- -product, magnesium. fluoride. The 
sealed steel reaction vessel is placed within a a 

: TUE men furnace and | the 1 mixture s self-ig 



















à "Manufacturers will ro nominal Physical: 
E properties f for grades of graphite they oo 
E ‘These data can be used i in the design of ofi 





A a o fons aie to Mk. within a a given grade, TH follows 
" that. material selected. for critical use should be. 
| carefully. examined for quality to avoid failure of. 
the part. When a question. arises regarding Strength 
i of a particular. stick, it may bes wise to select | ee 
ae samples for mechanical tests. fen e E La qe ERE 





| At the o Rocky Flats Plant, production vmf Foundry > E 
| graphite. crucibles of of two widths: are n ormally u use ed: = 


| i Crubles, m Olds o ee r graphite components E . E E mension. 


WM for vacuum-induction melting | and casting of 

E . .. uranium are machined from high-grade graphite | 
a m blocks and rounds. T he graphite stock must meet AS 
o pe an HLM or equivalent specification. The: major. B 
NE ‘suppliers o of f graphite é stock to o Rocky? Flats a are. n Le 











a bs cast per: run, , the rm hole S o et v in the center n d 





Of the crucible. Each pour hole is replaceable 0 000 
| bung. Each h bung is is 2, 5 inches n dia eter, pe en 
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(dimensions in inches) 


FIGURE 3. 


Cross-sectiona! 
Side view _ 


Representative 35-Inch-Diameter 


Graphite Crucible With Three Pour Holes for 
Gang Casting Three Cylindrical Ingots in One Run 


inch thick, and has a 7/8-inch-diameter opening 
with a 5/8-inch radius on the top. The 1-1/4-inch 
diameter stopper rod also has a 5/8-inch matching 
radius on one end. The grooves on the side of the 
crucible are for lifting. The grooves on top of the 
crucible are to support the graphite lid. The 
crucible lid is 1-1/4-inch-thick graphite and has 
three five-inch-diameter openings to accept the 
three stopper rods. All crucibles are designed with 
the bottom tapered three to five degrees toward 
the pouring holes. This construction minimizes the 
skull (metal + oxide) hangup in the crucible. 


A 23-inch-diameter crucible is similar in design; 

however, it has only one pour hole since there is 
not room for the charge plus additional stopper 

rods. Also, the 23-inch-diameter crucibles are 


generally considerably higher to accommodate a 
reasonably sized charge. 


If a crucible makes it through the first run, it 
generally lasts 100 to 200 casting runs. The cost 
of an average 35-inch-diameter crucible is about 
$3,600. Bungs generally last through 20 to 30 
casting runs and are resized after eachrun. Stopper 
rods last about 20 to 50 casting runs and are 
resized after each run. 


Mold Design 


Split graphite molds are used extensively at the 
Rocky Flats Plant to vacuum-induction cast 
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age. l a distance of 4 3/43 d 
i * on the inside of the belly: ring to. fix its position ono 
UR He assembled mold. The L-groove | at the top. out- l 
ORE side of the side molds i is to position the top ring. — RA 
Fio : The U-groove between the taper and é the Leroove. Es 
p E is for lifting. The L-groove at the bottom outside t EN 
= : EE E of the. side molds i is to form a better seal i in 1 the a 
BA. assembled n mold. ic pou c TE 


o uranium. M do of a Split molde 

SE : e compared with ; a solid or near-solid mold. are: 
ae eat] ) ease of casting removal, (2). mold tapers not. des 
SIME required for ingot removal, (3) economy of pen. an É 
e ing a damaged mold segment rather than the whole Dun 


mold, (4) reduced chance of mold damage. on casting 


F removal, and (5) ease of machining elongated - 

js E E cavities. Major disadvantages of a split mold. are: 

E (1) protruding seams in the ingot that mirror the. Ee 

vnus. mod junctions, and (2) increased. mold. erosion and | "n X 

[s damage. at the mold junctions, For most rolling | "I 

Bio o cando extrusion ingot designs, split molds are more. 
T economical 8 than r monolithic molds. 





I ^ | ` Molds m must e ae to ) compensate. dor 
E > shrinkage of the casting during solid- state dóoling.- no 
va ‘Molds are dimensioned to provide for 1 8% shrink- a 


age on the diameter and d: 2%. on the length. Where. Sã 


E castings are to be machined, 1/8 to 1/4 inch i is. io 


generally added to the dimension to allow for - 

surface cleanup. The dimensional amount added’ 

iu eei frequently depends upon the size and shape of the 
ce casting and the requirement of the machine Shop. 
E Satisfactory uranium castings have been made | 


Graphite Replaceable Insert 


where only 0. 050 inch was allowed « on a a surface | m : 3 3 : à RE oaa 


for machining operations, cere 


“A split mold sed to al 4 inohthick sell ingots 
“as shown i in Fi igure 4. The replaceable insert increases 
| à the life of the mold bottom significantly. The E 
.. mold is dimensioned in Figure 5. Mold bottoms _ 
| and tops: of this type have a life of. 30 to 40 casting 


: i Je a runs. Mold inserts have a life of 10 to 20 runs. 
e 3 The cost t of ‘this type: mold i is s about t $3500. B 


a ea A a split mold edi to cast extrusion or. 
D pum rod-rolling ingots is shown in Figure 6. 
JR ME outer: middle of the side molds i isa half-inch | 


“At the 


E protrusion tapering toward. the mold top. over 
ches. This taper is a 











E Fore casting hollow apos, a rape c core is s used. 


for fitted diameters 0 to 10 inches, use e 2-f 
E T. interference; for ‘fitted dia 


_ Graphite Mold Bottom 





| “FIGURE re Split Graphite Mold Used 1 
p, E to Cast a Four-nch- Thick k Rolling Ingot " 


| ae e mola ides last 15º to 25 runs. " Paundry : 
m molds of this type have inside dimensions producing E 
o ingots of 4, 5,6, 8; 10; 12, and 14 inches i in A 
t diameter. Heights. of the mold vary. from 36 inclos : o 
* “for the small diameters to 24 inches for the larger. E 
D. diameters. Costs vary d from i$ 1000 to Si 1 600. 












~ E “has proved llanos. I Press fits vary n relation A 
O A AE ptor ship to diameter and can be; ^uped as f 

oe The top ring Lind i bel: ring T ives of. 1004 to , 200 js | 
a a = casting à runs; | the mold bottoms last. 40 to 50r runs, 


E follows: 





a to 3-mil : : > o 
















E Mid-Section, End View Mid-Section, Side View 
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Threaded 54 Inch 
Lifting Holes 


SES : 3 Heplaceabie 
doc : Insert 


Y R 





22 25 27 30 dia. 
| 67.1 


(dimensions in inches) 








Mid-Section, Top View 


FIGURE 5. Split Graphite Mold Used to Cast a 
Four-Inch-Thick Rolling Ingot. (dimensional views) 


FIGURE 6. Split Graphite Mold Used to Cast 
a Cylindrical Extrusion or Rod-Rolling Ingot 


Matching 


Tapers | 


Side Molds 


Bottom Mold 
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use: a to 4 ini interference. D fitted « diameters - | 
o IE. to 24 inches, use 4-to S-mil interference; ade a a 
e for fitted diameters 251 to 38  inches, use o 6 t to > T- mi ES 5s 


Eo et oa an “adequate moon metals reservoir to 




















: E. sound à castings i in metal are. fluidity and high | 
i density. Both characteristics contribute to filling 
a mold | completely and maintaining feeding a as. 





oe i | Refractor tory Co atings 









ve m ^ factory coating « on 1 the ED. that’ contacts 








S a “high -quality castings. The main purpose of the : 
aoe E “coat g isto prevent metal-graphite reaction, 
ee carbon area in the metal. 






= =e sis ae aso ree alloying © elements 
“Te th carbon in the. uranium as well as with 
exposed carbon. of the crucible: to form solid | 











vois S for melting u uranium in n graphite | may ae E 


te n uranium. is mandatory for high-purity, - Re CR be applied b by brush, roller, swab, or hee ne The e 


es. The carb es form: d have T elatively k low s “a as 





= s - o 3 Wars duris o stabi eed TOR, nia 1 Or or magnesium 
oe oo ieee are common mold washes for graphite. - 
usui . ed the: casting during solidifi ication. Consid eration E Rn 
“must be given to placement and. dimensions of this a wl 
A hot: top t secure Sem feeding. ; = E E uranium metal. The mixing. and application. oft this is A: 
HN o a i ne o  crucible/mold wash i is discussed. lin this report, M. 
S Two properties oft uranium. that ako aids in » securing mde s m q T < d 
gun The > yttria crucible j hold ash s was developed** 85-88, 
um at the USDOE Y- 12. Plant at O Oak Ridge, TN. 

= “Jessentit compares yttria against other popular: 
coatings based o on the average carbon increase in |. 
i uraniu a as a 1 function of f the 1 run n temperature a and. j 


crucibles used for uranium. Experience. shows t that a E a : 


Ua water slurry of yttria works best for molten - 
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— Calcium Zirconate 


400 





2 i Flame Sprayed Zirconia 
5 200 A Zirconia Wash 
x a . 
100 |- 
Z3 dii "m "un L 
1300 1400 1500 
Temperature (°C) 
FIGURE 7. Average Carbon Increase as a Function of the 
Run Temperature and Crucible Coating Type. (Reference 114) 
can be assisted by continuous agitation in the In summary, experience shows that yttria is the 
container, usually by mechanical stirring. best all-around coating for melting and casting 
| BEEN uranium in graphite crucibles and molds. Yttria 
Ceramic coatings may also be applied to the works better or as well as stabilized zirconia or 
exterior surface of molds to reduce heat losses. magnesium zirconate in preventing reaction 
The ceramic, being a poor heat conductor as well between uranium and graphite, and its real beauty 
as a thermal reflector, tends to retain heat in the is its ease of stripability from crucibles and molds. 
mold. By coating the upper exterior surfaces of a Yttria is highly recommended for both crucibles 
mold, heat losses are reduced, thus promoting and molds. It is used exclusively at the Rocky 
improved thermal gradients with better directional Flats Plant. 
solidification. This practice can be applied to long 
molds with lower portions outside the effective 
heating range of the induction coil. By coating Furnace Stack 
exterior mold surfaces on the lower and cooler 
parts, heat losses are reduced. Other necessary components in the furnace stack 
are made of graphite. A typical furnace stack is 
Mold washes can also help metal fluidity by shown in Figure 8. The stack shows a 35-inch- 
reducing frictional forces dependent on the diameter, center-pour crucible positioned to cast 
roughness of the mold surface. This may be a four-inch-thick rolling ingot. The reason for 
because of the reduced friction of a smooth surface using a solid graphite chill block rather than a 
or the altered wetting characteristics of the metal- stack of fire brick is to take advantage of the 
mold interface. Mold washes have also been used relatively high heat transfer property of graphite. 
to inoculate a melt to provide finer grain size in Taking heat preferentially from the bottom of the 
castings other than uranium castings. molds rather than the sides promotes directional 
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PET RA RARAS e mem i APPEAR PRA Cue t i 


FIGURE 8. Typical untada Stack Showing a 
35-Inch-Diameter Center-Pour Crucible in Position 


to Cast a 600-kg, 4-Inch-Thick Rolling Ingot | 


| solidification, which i is $désiribls: Chill blocks are 
IE available i in several heights as are the underlying 
7 spacer cans. Combining the two helps fix the 
. “overall stack height. “Molds vary in height; and by 
Ps adjusting the pedestal height (chill block plus 
- Spacer can height), the molds and crucible can be 
| ps firmly supported in a selected position in the 
- : | furnace. This is necessary to obtain the proper 
-a “temperature gradient i in the mold in a single-coil 
DA furnace. E bue 





A 35-inch-diameter Epi dida dish. centered © 
on the chill block acts as a reservoir to contain | | 
molten metal in case of a spill. or mold. breakage | 
during casting. The spilled metal flows into the > 
well where it solidifies. Generally, this metal needs 
only slight cleaning to be used i in another charge; 
however, certain uranium alloys when cast directly 
on graphite form a surface that can be explosive 1 Hd 
when cleaned in strong oxidizing acids such : as a 
nitric acid. e oe SA e. ee Pap 





Between the mold and crucible is a graphite spacer. 
In this case the spacer is 35 inches in diameter, 

1 1/4 inch thick, with a 5-inch-diameter hole at 
“the center. On the bottom of the spacer are four 
U-grooves 90 degrees to each other, radiating from 
the center hole. The grooves are 1 inch wide and 
1/4 inch in depth. The main purpose of the grooves 
is to allow gas to escape during pouring. They also 
serve as ports in pumpdown of the mold cavity. 

In gang castings, larger openings are desirable in 
case a stopper rod breaks and fails to lift. The 
larger openings would be necessary to accommodate 
metal overflow in some of the molds. For gang 
castings, three graphite pucks (2-inch diameter by 
| inch thick) are placed between each mold and 
the spacer plate. The spacer plate used in gang 
casting is not grooved. When three cylindrical 
ingots. are simultaneously cast, the spacer plate has 
three holes 120° to each other to allow molten 
metal to i from me crucible into the molds. 


n kra lid « sits inan Lo on the top 
interior of the crucible. The lid is 32 inches in 
diameter, 1 1/2 inches thick, and has openings for 
the stopper rods and a stirrer. The graphite 
stopper rod is 1 1/4 inch in diameter and can vary 
in length depending on the overall stack height. 
One end of the stopper rod is threaded for attach- 
ment to the lifting mechanism. The other end is 
hemispherical for proper seating in the bung. The 
graphite stirrer is a plunger type. The head is six 
inches i in diameter and two inches thick with a 

| centrally located threaded hole on one side. The 
threaded hole accepts a threaded 1-1/4-inch- 
diameter graphite Tod, 


The cd ack Showa: in ‘mud 8 isnot complete 
in that carbon felt insulation is normally part of 
the furnace stack. Generally, the crucible needs 
additional insulation and the molds do not. Carbon 
felt is normally placed between the spacer and 
crucible and above the graphite lid. The crucible is 
also surrounded with a layer of carbon felt. 


Crucible Charge and Metal Yields 
The crucible charge for melting can be virgin metal 


(derbies), scrap recycle, or any blend of the two. 
Charge weights at the Rocky Flats Plant are 
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normally about 450 to 650 ke. The largest à casting 
ever made at Rocky Flats was a 17-inch- diameter, 
24-inch-long extrusion ingot weighing 1500 kg. 
This is the approximate safe upper limit because of 
the 250-kW power supply and overhead cranes with 
two-ton lifting limit at Rocky F lats. A common 
derby-scrap charge blend would consist of two 
derbies at 160 kg each plus scrap. to achieve a total 
charge weight-of 480. kg. No: effort i is. made to clean 
the scrap prior to placing it in the crucible. Large 
chunks of metal require considerably longer times to 
melt than equivalent weights of smaller chunks. So 
melting times are dependent c on size distribution of 
the charge. | 


Virgin metal charges normally yield 97-98% cast 
metal. Charges containing all solid scrap (no hot- 
tops) normally yield 95- 96% cast metal. Charges 
containing all briquetted turnings would be | 
expected to yield 75-80% cast metal. Turnings are 
generally blended at the 15% level to maintain a 
healthy stream chemistry. At the present time, 
turnings are not recycled at Rocky Flats. At 
Rocky Flats, the charge composition is recorded for 
posterity. Ingots of all virgin metal are lettered 
differently (160XXX) from those containing scrap 
(402XXX). 


A word of caution is in order about loading 
crucibles with uranium metal. Considerable care 
must be taken not to damage the thin mold wash 

or the underlying graphite. Uranium metal is very 
heavy. This, coupled with the many sharp corners 
present, will readily remove the crucible wash unless 
care is observed. Scrap charges are hand loaded. 


The purity of a casting depends on the purity of 
the charge. Asa rule of thumb, a melting and 
casting cycle increases carbon 20 to 40 ppm and 
iron and silicon 5 to 10 ppm. Thus, certain 
impurities build up in recycle streams with time, 
and blending with virgin metal is required. 
Generally, a decent chemistry can be maintained 
with a 50-50 virgin-recycle charge. 


Gang Casting 


In the vacuum-induction melting and casting of 
rolling and extrusion ingots, it is common tech- 
nology to cast several ingots in one heat. This 


2i 
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Ls E casting of multiple ingots i is s referred 1 to as gang 


S A A typical erucible- T design t to produce T 


: mold isa split design using a cope and drag - 


| no approach. The mold has three cavities, each with a 
um one-inch radius. on the sides and bottom. The inold . 3 
9 | prod uces three. ingots, measuring 16 inches wide by |. | 
A 220 inches high by two inches thick, each weighing | CM o 
“about 175 kg. The crucible has three bungs (not | 
p shown), which are positioned over the center of 

| “each cavity. “Three graphite stopper rods are ica E 


Ra A the bungs and are. attached to a common lifter. a . procedure. The reasons are: (1) simplicity and 


. economics of furnace design, (2) simplicity of. 


= A mold that produces the : same type ingot one at dorus a 
“operation, (3) less chance of slag entrapment in e | 


S E time is shown i in Figure 10. Ingots produced in the | 
“single- cavity or triple- cavity mold appear identical, 


23 and ot molds produces excellent Castings, The 





triple po od is ; preferred e of its i higher 5 vum 
throughput. The average triple- -cavity mold life i is = x 
10 heats or about 30 ingots. Thiscomparestoa — — 


a m rolling slabs É She heat i shown in Figure 9. The 2 single- cavity mold. life of 30 heats and 30 ingots. 


The advantage of the triple- -cavity moldi is being - 


c: able to gang-cast 30 ingots in 10 working days . 
- compared with. 30 single- cast ingots in 30 days. y 
rs Evidently, gne working day | is required. per heat. 


ba Bottom. Pouring \ Versus Top Pouring 


a dni uranium production vacuum-induction melting e 
M and casting furnaces, bottom pouring is the standard 2 0 


ingots, and (4) the crucible and mold c can FOE peate ] 
with one induction coil. l ey | pe cw 


FIGURE 9. Typical Crucible-Mold Design t 
Produce Three Rolling Ingots in One Heat — 
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(dimensions in inches) 





“FIGURE 10. Sits Cavity Split 


` Mold ` That 


Produces. the Same: 


ingot Size Gang ( Cast in > Figure m 


A major disadvantage of bottom pouring i is that the 
metal i is initially at a high metallostatic (hydrostatic) 
head. The metal i is apt to stream out rapidly and 
uncontrollably, and the incidence of mold erosion 
and cold shuts i is greater. In top- pour furnaces, the 

"rocking chair" principle permits accurate control 
of the metal stream entering the furnaces, and mold 
erosion and metal ud i can be more e closely 
controlled. | "E TENES oe 


Arete: disadvantage of bottom pouring is the 
" chance of bung or plug failure or leakage resulting 
o in the pou entry of metal into the mold and 


defective castings. Another disadvantage of bottom 
pouring when using a plug is the chance that the 
plug may become entrapped ina usable part of the 
casting rather than in the hot-top. Even when the 
plug properly floats to the top of the metal, the 
hot-top is less usable or recyclable with an entrapped 
plug. | 


Modern vücuum indúctiór, tilt-pour furnaces have 


vacuum- -sealed manipulators for removing slag prior 


to: pouring, as well as for breaking bridged metal and 
E for immersing dip thermocouples. Some of these 


furnaces are cores so > that pouring and charging 
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. nd geometry of the pour hole. the hydr 
Lo otima At fall, and the fluidity or 


can | hc done semi-continuously. while the. vacuum A and a 
the furnace temperature remain constant. Versatile 
furnaces provide. for mold changes: so that casting - 
dimensions c can be readily changed. Many: uranium | 
. .. melting operations are carried. out so meticulously - 
o =o and. the. charge i is so pure that slag content i ds low. o o > 
enough: to use top-pour furnaces without minis. e uM d LE 
However, this remains to be proven on a prediction: a -The stream of m 
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iss diameter. B 














adest to segregate een n oppo, Pm 
othe. top of the melt becomes the. bottom part of. the. pm po DEAE 
casting. In proper casting, the ingot remains molten | "e meu bly E | 
Uvcfora short. period and solidifies from. the bottom: up. a 
ee This’ allows a chemical mixing or homogenization — 

vo that’ is not possible ¡ ina bottom-pour furnace. In. 

-o defense: of bottom j pouring, the turbulence. D 
S By: bottom pouring | into a hot mold : may be enough 
o effect, à chemical n mixing c or  homogenization. 











l a or minor T defect, bet e on the size. of the 
a graphite.. Observable graphite within : the ingot from 
; "mold. erosion is a very rare occurrence. However, ui 
d DOR is possible that frequently obse: rved small con- D | 
p | m. us | S Rl - gregations of uranium and alloy metal carbide | 
: — Very little e elfoit: Ro expanded é a D United. j inclusions. are due to very small graphite granules 3 
o E “States: for evaluating top- pour. furnaces for. uranium m. c being entrapp ed and dissolved i in no molten metal ies 
castings. According to Schimmelbusch, !!6- Mery ud an later precipitated as carbides. me Hos P a unii 
con - reliable vacuum-induction tilting furnaces : are. aa 
coy MT commercially. available i in Germany and are pm TE a n The] loss of molds i is mostly due to erosion, bind. 
E dominantly used there for melting uranium, o erosion i is most common where molten metal first A 
v Bottom- -pour furnaces are viewed | as rather primitive D contacts t the mold. Repl laceable er aphite inserts have a 
m “by some advocates of vacuum-induction tilting | Us = “been, used routinely and successfully at the Rocky | 
furnaces, some of whose arguments. are presented E Flats. Plant to extend mold life. Using molds split > 
Mia above. ‘Nonetheless, bottom pouring has been the - horizontally allows replacement of the eroded | =i 
OS ~~ standard. technology for vacuum-induction melting. E a bottom, portion to reduce overall mol d rem - 
o i . and casting of uranium for more than 40: years; dt E a 2 costs. They are used routinely at Rocky Fl lats.: E : 
does an admirable, economical job, and it will | vum Metal splashing and turbulence. are of concernin —— 
E probably 1 remain | the standard d technology É for the xu controlling the e quality ofa an go t. Splashing and. x 
m pt E. E next 40 years. op es a E UM E u 




































TOSS oe rates are a concern in o ihe quality of o E a 
uan ingot, The rate should be such that the ingot à 

T molds fill rapidly: and uniformly. without | excessive - nn 
~ - splashing, turbulence, and mold erosion. ‘Splashing, E 
ilence, “and mold. erosion are controlled by the . s 
“Pour rate, which. in turn is controlled by tl the e diameter m 
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E “are die to dioplets sticking tó the mold walls or 
bottoms and not being redissolved by the advancing 


os /.. molten metal. Properly cast uranium and uranium 
dem d uo do not. contain cold shuts. 


as Metal turbulence during pouring is s both good and 


“bad. Turbulence causes mold erosion as high-density 


RM “metal sloshes in the mold. “Another disadvantage is 
5 that: turbulence can cause some of the skull or dross 


from the top of the crucible melt to become 
a entrapped in the usable part of the cast ingot. For- 
tunately, in a proper directionally solidified ingot, 
| the mixed-in dross has time to float from the ingot. 
: On the pro side, turbulence. can erase segregation 
S of alloying elements and impurities that exist in the 
crucible melt at the time of pouring. Metal turbu- 
| lence « can cause considerable e during pouring. 


E Giaman å and. d Kettler! a at t the F ced Metal Production 
E Center (F ernald, OH) conducted a study to determine 
B the effect of orifice configuration on the integrity 


Of a pour stream simulating molten uranium. The 
at effect of the mold’s bottom shape on the initial metal 


splash was also investigated. “The apparatus used 


As : e nsisted ofa 3/8- scale acrylic plastic model of the 


i bottom-pouring crucible and mold used in produc- 
tion. “Mercury was used as the fluid in these studies 


because many P its physical properties a are similar to 


those of molten uranium. The changes i in the p pour | J i 3 
stream and in the initial metal splash. were recorded E | 


with a motion picture camera. A pour plug having | = 
an orifice with tapered sidewalls and a rounded edge | 
at the top produced the most desirable pour stream. 
Mold bottoms that. were flat or approached. flatness. | 
with no C Rae change i in contour minimized 1 metal, 


The pour rate is ‘proportional ti to 5 the diameter rof the TE 
pour or drain hole. J aynes?5. et al. determined this | 
relation for uranium, and their results are shown i in: 


Figure 11. Cadden” et al. report that Sokurski!!? - 


et al. have determined ; a similar « curve. Cadden et al. 
also report that a pour rate of 400 kg/n min for a 
U-0.75 wt% Ti alloy heated to 1350. "C produces 
good ingot surfaces with r no apparent mold erosion. 


Melt Supe - Pu 


In most cases; it is advantageous, to met at the 
lowest temperature. and shortest hold time possible. 
This is mainly due to deterioration of the crucible 
coatings as temperatures and times increase and, 

to lesser extent, the reaction of the melt with the 


FIGURE 11. Pour Rate as a Function of Pour 
Hole Diameters for Uranium. | (Reference 75) — 
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a atmosphere. Excessive} pour r temperatures 
can, also cause problems i in the mold, » resulting i in. 
d ingot sticking é and mold damage. a T Ea | 


| The méltina point. volu uranium mal is 1131 cc 
—. To reduce the possibility of cold shutting i in the 
casting. and to increase fluidity of the molten metal, E 
the pouring temperature chosen is 1330 +10°C. | 
“This range is used when mold. temperature gradients 
o are: from 700 ‘ °C: at: the bottom to 1100 °C at the top - mold. The rate at which the mold fi fills is s dependent 
E cos of the mold. In cases. where. a mold bottom tempers m on 1 the, pour. hole e diameter. Y = SENT 
es tur cannot be achieved, a pouring temperature DE Ai as 
ee | 'C or slightly above: is used. Pouring tempera- - ae 
oo tures below. 1300‘ °C freq uently. cause. cold. abutting. 
D This ds especially true for thin-wall castings. ine 
oe - casting ! a uranium. alloy, the pouring temperature 
e selected is 200. °C above the liquidus temperature. 
uw. However, temperat ures above 1450 °C are rately 
eee used, and lower superheats may. be used for very | 
“o high melting : range alloys. Tf the superheat is not. 
sufficient and the mold is properly heated, cold. | 
owe shuts s will t be obvious c on the cast t alloy, os n UE E 








M In general: he shapes into XR. uranium. is cast 
. are relatively simple. No complicated gating nor. 
 risering problems exist. This condition, "together - 


with the fact that uranium at its pouring i E a : E 


2 turei is a highly fluid metal, simplifies the transfer of 
- the charge from the crucible into the mold. In most 
o uranium casting operations, the metal flows from | 

E the crucible : pour hole directly into. the mold by 
- or into a runner box that channels the. flow into the. 









ee gradientes in he cele melts can. 


Ed impurity and possible alloy segregation a | = qon : 


er that temperate F can indeed e existi in. RO 
uranium melts, Figure 12 shows temperature 





YE dug FI FIGURE 12. “The nal Gradients | ina à Crucible Contando: a 10. 0-Inch- hi Deep D 
I E, 24: Inch -Diameter Pool. of Molten. MUS wit T la (Reference. 114). 
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profiles s and, hence, Poor mixing | conditions i in, a E o 








| lsige crucible of moien U-3/4 wt% Ti alloy. From 
this data, it was evident that selective induction 


m heating v was occurring in the crucible. Addition of 


a graphite ring at the crucible base proved beneficial 
in reducing the effect. The size of the molten pool 
dn this study Was 10 inches deep by 24 inches in 
E diameter. Temperature measurement was with Pt, 

Pt-Rh immersed thermocouples. At equilibrium, 

! the measured temperature difference between top 
7 and | bottom of the melt was about 25 ?C. 


| The AT o of 25 °C i is s not large, but it can cause 
segregations in hydrogen contents. At 10-micron 
| pressure, the hydrogen solubility as a function of 
temperature. changes significantly. A 25 °C dif- 
ference could. account for a difference of about 
one ppm hydrogen between the two temperatures. 
Hydrogen concentrations above the solubility 
limits would form hydrogen. gas, which should 
rise from the melt. 


Mold Heating 


When uranium is poured into a cold mold, con- 
siderable cold shutting and surface porosity result. 
Increasing the pour temperature and rate of pour 
of uranium into a cold mold reduces cold shutting 
and surface porosity, but the defects remain at 
iat hte levels. 


To correct these casting defects, it is necessary to 
to heat the mold. Optimum results are obtained 
when the mold bottom is 700-850 °C and the mold 
top is 1050-1150 °C. This heating of the mold not 
only eliminates cold shuts and surface porosity, it 
also promotes directional solidification and 
eliminates excessive piping. 


Another advantage of heating the mold to at least 
700 °C is that it completely removes water from the 
coating. It had been established that 700 °C is the 
minimum temperature for complete water removal. 
If the water is not removed, its reaction with ura- 
nium produces gases, which form pits on the 
surface. A further advantage of heating the mold is 
that it allows for nominal G.e., lower) superheating 
in the melt, and this reduced temperature inhibits 
breakdown of the crucible coating, thus minimizing 
carburization of the melt. 
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Ina single induotance coil f urnace, e molas: are 
positioned with their tops in the coil and the. 
bottoms out of the coil. Trial and error determines 
the exact position for a new crucible-mold combina- 
tion and, once found, determines and fixes the stack 
height for future melts with that crucible-mold 
combination. $. ! 


Directional Solidification | 


Heating of the mold, coupled with the 300-400 °C 
temperature gradient from bottom (750 °C) to top 
(1100 °C) of the mold, promotes directional - 
solidification. This is extremely important in the 
casting of uranium. Most of the heat flow from the 
mold should be through the bottom. To promote 
this, graphite blocks replace firebricks i in the 
underlying refractory stack supporting the mold. 
Freezing should be from the bottom to the top of 
the mold via a solid- -liquid interface as horizontal or 
flat as possible. This freezing pattern allows excel- 
lent drossing of undesirable solid and liquid 
impurities as well as gaseous impurities. Fortunately, 
most undersirables are lighter than uranium, and 
the buoyancy force to escape is quite large. “The flat 
or planar freezing interface spreads the dross over a 
large area and practically. eliminates the presence of 
a shrinkage pipe and its conical or V-shaped collec- 
tion of garbage. The conical shrinkage pipe is, of 
course, due to a nonplanar, or conically shaped 
advancing solid-liquid freezing interface. The 
extreme of this is a vertical seam of defects at the 
center of the ingot caused by the freezing interface 
being near vertical, i.e., too much heat flowing 
from the sides of the mold. 


Crucible/Mold Dressing 


When new crucibles, bungs, stopper rods, stirrers, 
and molds are received from the graphite shop, 
they are prepared in the following manner. The 
surfaces of the graphite components that will 
contact the molten uranium are hand rubbed with 
a water-soaked rag until the surface luster dulls. 

A “watery” mixture of yttrium oxide (Y,03) is 
hand applied in a thin coat and allowed to air dry. 
The surfaces are painted with a yttria wash of 
normal consistency using a brush, roller, or sprayer 
and air dried. 
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E 7 E The yttria T" 03) wash of normal consistency is 


m : E 2 prepared in the following manner. First, 2000. 
<- grams of yttria are combined with 2000 mf of tap 


- water and 60 grams of sodium CMC (sodium | 


» E e carboxy methyl cellulose). The solution i is mixed. 
E - and milled for 48 hours immediately prior to` 
AL y. application. Mixing i is ina rotas “barrettype” 
os, ceramic ball ae Nu d dll d udis 


2 : ‘After Cone the skill ud castings are > removed 2 
Ro E from: the crucible and mold, respectively. The 
skull: along with all uranium fines are transferred i 


: “to an“ ‘old” crucible in a “burn-out” hood. The | 
metal skull i is Agnited and burned to oxide. 


The uid Sue mold, nei opte dodi and 
bungs are cleaned with a vacuum hose to remove 
“the loosely adhering material. The remainder of 
the coating in the liquid metal zone is removed 
using a water spray and hand scraping or by using 
a fine- to medium-grit sandpaper and wiping gently 
by hand. This is followed by a final cleaning with 
the vacuum hose. Yttria, compared with other 
mold washes, is relatively easy to strip after a 
casting run. ihe bung hole and stopper rod are 
then reshaped and sized with hand tools to obtain 
proper seating. Finally, the crucible, mold, bung, 
stopper rod, and stirrer surfaces that are to contact 
the molten uranium are painted with a yttria wash 
of normal consistency using a brush, roller, or 
sprayer and air dried. 


: Ingot PEDE 


| After the filled molasi are M: from the 

d furnace, the ingots are broken out by stripping 
away the split mold. The molds are returned to 
the mold dressing station for reconditioning and 


‘re-use. F or handling purposes. and minimizing air - 


oxidation, the ingots may be immersed i in water | 


after breakout for accelerated cooling. The ingots 
ET are then weighed and casting yields determined. | 
EE Extrusion and rolling billets ingots normally. weigh 


E 150 to 799 kg each with dos oe of 22 to. 


7 2 "n Sedi the inest may alude removal of e 1 
m m protrusions with a hand-held grinder or chipper i in | 
| oo an enclosed and ventilated Space. However, in ii 











most ¢ cases pu ín no o obieioma bs surface y 


= protrusions and do. not require. this treatment. 
Nevertheless, if molds. are used past their. prime, 


protrusions at chipped. seams occur. Sometimes, | 


“it is economical to use molds past their prime | 


unless surface finish i in the as-extruded or asrolled 
ped is of utmost t importance. | To "uox 


The no pue operation i is s sawing off the top 
o part of the ingot.. “The topi is the last metal to 
: freeze and contains the shallow shrinkage pipe. 


The top part of the casting. is also. high i in drossed | 
impurities. Generally, cropping of one to two 
inches from the highest point is sufficient metal | 
removal. After visual observations, additional 
crops may be taken to remove hot-top defects. 
This top-crop, sometimes referred to as a “hot-top” 
is often directly recycled by blending into the 
charge for the vacuum casting operation. If ingot 
purity is paramount, low-purity scrap blending 
may not be allowed, and the hot-tops are consoli- 
dated by vacuum remelting and used in other 
lower-purity metal applications. 


Reciprocating power hacksaws, circular milling 
cutter saws, or abrasive cutoff wheels are used for 
top-croping uranium ingots. With hacksaws and 
cutoff wheels, the kerf is relatively narrow (about 
1/8 inch) and the finely divided sawdust fines are 
pyrophoric and not directly recyclable. The kerf 
of the milling cutter is wider (about 3/8 inch), but 
produces heavier cuttings (chips or turnings), 
which can be directly recycled. In all cases,a — 
water-soluble oil is used as a lubricant, coolant, and 
rust protectant. Also, sludge from the abrasive . 
cutoff wheel, fines from the hacksaw, and chips 
and turnings from the milling cutter are stored | 
under water. The fines and sludge can easily - 


self-ignite if allowed to dry out. The cutoff wheel E 


sludge i is disposed of by ignition ina burn-out | 
hood, followed ee burial o or r chemical reoycle. 


The fines from the Takaw are dimond of by: 
incinerating ina chip roaster followed by burial o or 


chemical recycle. The chips from the milling | 


cutter can be cleaned, briquetted, and recast — 
directly. Use of oil base lubricants for cutting i is 
discouraged because of their pyrophoricity - E 
- coupled with the pyrophoricity of uranium during s 
n cutting. However, metal 1 chip recycle yields a are | 








higher with oil-based cutting coolants such as 
mineral oil. 3 FREUE. | 


The reciprocating power ‘Hacksiws cut it slowly; and | 
blade life is short because uranium is relatively. 
hard and work hardens significantly. However, 
most ingots produced at Rocky Flats are top- 
cropped i in this manner. A circular saw would be 


n recommended for high-volume production; dt cuts 


faster | and has much longer life because the blade. 


E “can be reworked and reused. many times. ‘However, B 


the cost ofa circular saw is considerably higher 
than that of a reciprocating saw. | 


Cylindrical ingots to be extruded are stop cropped 
to obtain a flat surface for extrusion. Not all 
rolling ingots are top cropped. Non- cropped ingots 
can be rolled directly, and the contaminated top 

7 part can be recognized by the trained. eye, sheared 
off, and recycled in the same blending manner as 
hot-tops. Non-cropped ingots show more camber in 
the rolled product than cropped ingots; and if. 
this is a problem, the O MaS ingot is top cropped. 


Chemical Sampling and Analyses 


Every heat at the Rocky Flats Plant i is accompanied 
by a minimum of one chemical LE A typical 


‘isos ENE A PE DRDS casi Waban IRR AREE NEL ERE QU DAE meee ee E BE REQUIRE A A E ES 





chemical analysis for. a idi iple cast slab. ingot is 
listed in Table 2 2. The cher y of al 

induction cast. ingots. are wit. ecifications 1 more 
than 96% of the time. Ingots | are out of. 
specification. are ‘sa ed. up and blended with | 
higher-purity material to obtain “in-spec” ingots. 










Machine turnings are used for most chemical 
E analyses. 
“the turnings are taken from the top part of the 
ingot. W 
turnings are taken from a one-inch hole drilled. in 
the top corner of the ingot at the 1 P 2-inch depth 
| level. The location of the drill hole i is such that it 
“as part of the top crop or part of the shear scrap of 





"When only: one analysis i is made per heat, 


When rolling ingots that. are not scalped, the 





rolled plate, sheet, or strip; thus, it does not 


| subtract from usable metal. In extrusion ingots 
| that are scalped after casting, the turnings are 


taken from the 1 upper surface of the top- -cropped 
cylindrical ingot. About 25 grams of coarse turn- 


| ings are e placed ii in a | plastic bag, which. is ; marked 


laboratory for analyses. In multiple ingot castings, 
only one ingot is normally sampled. Experience 
shows that sampling i in the above manner is 
representative of all usable metal in the sister 
ingots from one pour. 


TABLE 2. Typical Ingot Chemistry for a 99. 85 wi% Uranium Stream 


Actual Analyses 


ras rp Aa tl trip de 


. Test 


“Average Value 


Density 18.90 g/cm? 

- Uranium 99.90 wt% 
Carbon 65 ppm 
Fluorine — ppm 
Hydrogen 2 ppm 
Oxygen 40 ppm 
Nitrogen 15 ppm 
Aluminum 25 ppm 
Copper <10 ppm 
Iron 50 ppm 
Nickel 15 ppm 
Silicon 45 ppm 
Magnesium <10 ppm 
Molybdenum <10 ppm 
Niobium <10 ppm 
Titanium <10 ppm 
Zirconium <10 ppm 


‘Spread 


+0.01 


+0.05 


Specifications 


>18.75 | g/cm? 


«99.85 wt% 


<150 ppm 
ppm 

<1 ppm 
<100 ppm 
<40 ppm 


<30 ppm 
<50 ppm 
<100 ppm 
<50 ppm 
<100 ppm 


<30 ppm 
<100 ppm 
<50 ppm 
<50 ppm 
<50 ppm 
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À i : cs smak one-inch sections are given n metallographic 





ITE Melee analysis i is generally not done at the ingot 


. stage because subsequent molten salt bath process- 


-~ ing and vacuum heat treating can significantly. 

change the hydrogen content. If hydrogen analysis 

is done at the ingot stage, a machined 1/8-inch —— 
E cube i is taken from the upper. Part of the > ingot. 


x E ; | anii Inspection. SE > 4 d = A E [1 m. o Er 


n After. mold breakout, the ingots à are visually | 


| a E ; inspected. For Rocky Flats ingots, the sicing o 
pipe for single and multiple castings is very shallow. 


External measurements of the visual shrinkage pipe 
are nearly always less than two inches and generally 
less than one inch. On multiple castings, the height 
of individual castings is normally within one-half 
inch of each other, indicating very equal filling of 
the individual cavities. The leveling of the crucible 
on the furnace stack aids in the equal filling of 
molds. External inspection of the ingot surfaces 
generally reveals no cold shuts, porosity, or 
striations. The only external defects normally 
observed are minor seams mirroring the split mold 
junctions and some minor scabbing at the bottom 
of the mold where the liquid metal first impinged. 


No direct effort is made to observe the interior of 
routine castings. However, before a casting 
becomes a routine one, 1/4-inch-thick vertical and 
horizontal sections are sawed and milled from the 
development as-cast ingot. The sections are 
polished and macro-etched to show freezing 
pattern, internal structure, prior gamma grain size, 
- and internal porosity. Generally, no internal. 
porosity is observed. The prior gamma grain size 
- of castings is large and does. not show a strong . 
j preferred orientation. Prior gamma grains. are 
larger than ASTM 00 and sometimes as large as 


. one to two inches in diameter. A slow cooling rate 


| and high purity promote a large prior gamma grain 
size. The prior gamma grains are generally equi- 
- axed in shape. The vertical and horizontal sections 


“are also radiographed to verify freezing patterns. 


and to check for internal porosity, i.e., pores . 
greater. than about 20 mils in thickness, the deiec-. 


tion limit of this geometry. Generally, no porosity | 


ds observed radiographically € or on 1 the etched | 
., Surfaces, E cay 


E T a check for microscopic dao E 











k E and TN 2 high jnagnifigation in the | 
| as-polished. and etched condition. Generally, no 
interdendritic 1 porosity is observed. Whole flat 
E “rolling ingots are sometimes radiographed | 
l nondestructively to check for gross ‘eenterplane. 
LE ` porosity; occasionally, ` whole cylindrical ingots 
“are nondestructively radiographed, to check for. 
ges e centerline Porosity. | wm | 


In summary, RM Flats Plant ingots. are generally | n 
free from surface and internal defects. Visual | 


inspection of the ingots by a trained. foundryman 


and a trained pressman provides sufficient. control | 
to certify ingots against surface defects prior to 
rolling or extrusion. Ingots having harmful defects 
- should not be processed; instead, they should be 


remelted and recast. Cast ingots should be held in 
storage and not be released for processing until 
their chemistry is certified by complete analysis. 
Nondestructive radiographing and nondestructive 
ultrasonic inspection to spot check for gross 
centerline or centerplane porosity are proven 
quality control tools, but neither is performed - 
routinely at Rocky Flats. 


Alloving Techniques 


There are several techniques to alloy uranium by 
induction melting. To a large extent, the method 
selected depends upon the desired alloy homo- 
geneity and Dm pu content. 


Direct additions of the lovin ingredient require 
longer hold times for dissolution into the molten 


‘uranium. If the protective coating deteriorates 


under these conditions, a reaction of the uranium E 
and alloying elements with the graphite. occurs. É 


After forming a carbide, elements such as titanium e 
“and zirconium float to the top of the melt because | 
of their lower densities. This causes a loss in total — 
“alloy content and nonuniform chemistry : from top EM E 
to bottom within the e ingot. . oa pert UE 


E Theg greater the udi ace area - iuo Ba Y now 
| the shorter the time required for its dissolution; 
hence, there i is less loss from carburization. “For. 
dilute uranium alloys of titanium or zirconium, | = 
sponge (available commercially) has been success- E 
es fully. used. During crucible charging, the: sponge - DR 
necs i pad near the bottom, , allowing f flotation E tee 








because of its lower density. Difficulty in achiev- 
ing a uniform alloy results if the sponge is placed 
on or near the top of the charge where it cannot 
mix with the bottom of the melt. 


| Alloying with niobium presents a formidable 


problem because of its higher melting point. 

Using thin sheet or powder fails to prevent 
considerable losses during melting. For this reason, 
prealloyed material is used. Prealloying can be 
accomplished by arc melting a higher-composition 
ingot, which is then diluted back in the crucible 
with uranium by vacuum-induction melting. 


Alloying can be done during the metal reduction 


stage. This procedure has been used successfully 
with molybdenum, niobium, and zirconium. 

Here again, a higher composition can be made and 
diluted during VIM refining and casting. 


A summary” of typical vacuum-induction melting 
parameters at the USDOE Y-12 Plant and FMPC 
Plant is presented in Table 3 along with resultant 
alloy chemistry. At Rocky Flats, the U-3/4 wt % 
Ti alloy is made using titanium sponge with a 5% 
overage and yttria crucible-mold washes. The same 
parameters are used for unalloyed uranium. The 
U-2.2 wt % Nb alloy i is made by prealloying and 
then diluting with uranium. A U-6 wt % Nb alloy 
is arc- -melted and then diluted during vacuum- 
induction melting i in yttria-coated graphite 
containers. Plunge stirring is used at 15-minute 
intervals and immediately prior to pouring. For 
small-mold diameters, excellent ingot homogeneity 
is achieved. 


Published articles relating to the vacuum-induction 
melting and casting of uranium alloys are: 


U-AI (References 77, 124, 125) 

U-C (Reference 77) 

U-Cr (Reference 126) 

U-Mo (References 77, 79, 125, 127) 

U-Nb (References 77, 79, 102, 128-131) 

U-Si (References 74-75, 77, 84, 91, 100,104-107, 
111,116-117,125,128-129, 132, 141) 

U-Ti (References 77, 95, 101, 125, 130) 

U-V (Reference 125) 

U-Zr (References 77, 104, 129, 132) 


REP. *P-4186 


URANIUM VIM CASTING INDUSTRY 


| Main Prodúcts: 


In the manufacture of wrought v uranium and 
uranium alloy products, it is most often necessary 
to produce intermediate forms such as flats, rounds, 
and tubes. The flats are strip-rolled from flat 
ingots, and the rounds are extruded or rod-rolled 
from round ingots. Tubular products are made 
from back- extruding round ingots, by forward- 
extruding and piercing round ingots, or by forward- 
extruding hollow round ingots over a mandrel. In 
the manufacture of uranium flat, round, and tube 
stock, a cast ingot is the initial shape. The inter- 
mediate flat, round, or tube shape often undergoes 
further processing such as drawing, bending, 


 swaging, and flaring before being machined to the 


end product. The subject of this report is the 


| proper manufacture or casting of the initial rolling 
“or extrusion ingots and, in particular, those that 


are vacuum-induction melted and cast. This is a 
major step in the overall manufacture of most 
finished uranium products. 


Several factors normally prevent the direct extrusion 
or rolling of derbies to flat, round, or tube stock. 
Internal and external porosity, internally and 
externally trapped slag, and dissolved gases lead 
to surface and internal defects i in the rolled or 
extruded flat, round, or tube stock. A vacuum- 
induction melting of the derbies will eliminate 
most porosity, slag, and dissolved gases. The VIM 
operation is a necessary metal refining step in the 
manufacture of high-quality uranium metal 
products. VIM casting operations also yield a 


shape more amenable to rolling and extrusion. In 


addition, it allows direct blending and consolidation 
of metal scrap. 


Overview 


An industry overview of depleted uranium melting 
and casting capabilities is depicted in Figure 13. 

It compares VIM to other uranium melting and 
alloying operations, such as vacuum-arc melting 
(VAM), electron-beam melting (EBM), skull melting, 
electroslag melting, continuous casting, and alloying 
by cold reduction. For clarification purposes, 

VIM is normally used in continuous casting, and 
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TABLE 3. Typical Induction Melting Practices at the USDOE Y-12 Plant and the Feed Metal Production Center 16 | 


is Uranium 
Alloy” 
Cos. Weight. 


ais a Percent EA 


ee U-0.65 Zr* 


— U-10 Mo* 
UG NDA 


. U-8 Mo- 


 U3/AMo © 
3/4 Zr-3/4 
Nb-1/2 Ti* 


U-5 Zr** 


U-5 Mo** 
“(Double 


co MED ooo 


. U-(ppm Addi- 


“tions)** 
1200 €, 300 Ni, 


500 Fe, 150 Cr, 


and 250Si — 


U-0.075 — 





Weight 


huge Material 


3 Derby Uranium, 
i: "Titanium Sponge, 


and Recycled 


Uranium 


| Recycled Uranium 


Zirconium Sponge 


Derby Uranium 
and Molybdenum 
Powder 


Prealloyed by 
Arc-Melting 


Derby Uranium, 
Titanium Sponge, 
Molybdenum Powder 


Derby Uranium, 
Titanium, and 
Zirconium Sponge, 
Molybdenum Powder, 
Niobium Chips 


Co-reduction UF,* 
Ca (4% excess) + Zr 
Fines (100% excess) 


Co-reduced UF, + Mg 
(4% excess) + Mo 
Powder + MoO, (50% 
excess) 


Alloying materials 
Charged as Powders 
and/or Chips 


Derby Uranium,  — 


Aluminum Peilets 


. (Alin Mold) 


* Y-12 Plant, Oak Ridge, TN 


. '.**Feed Metal Production Center, Fernald, OH 





Kilograms 


1055 


375 


164 


360 


230 


230 


545 


Crucible Coating 


Plasma-Sprayed ZrO, 


MgZrO Brush - 
Coated 


Plasma-Sprayed 
Yttria-Stabilized 
ZrO, 


Plasma-Sprayed ZrO, 


Plasma-Sprayed ZrO, 


Z10, 


Plasma-Sprayed 
ZrO, 


MgZrO, Wash 


Zr Crucible for 
First Melt. 


Second Melt BeO 
Wash 


Not Coated 


Not Coated 


Mold Coating 


Zirconite Mold 


Wash (A) 


MgZro, Wash . 


MgZrO, Wash 


Zirconite Mold 
Wash (A) 


MgZr0, Wash 


Zirconite Mold 
Wash (A) 


MgZrO, Wash 


MgZ1O, Wash 


Not Coated 


Not Coated 





Tu Ingo Shape 


D tetti Sa Pi Re AA IIA CE RIO SOE GTI SR MEE A RSA ee iil E d EOS 


gab Sis 
© 4X 20 x 20 in. 


- Slab 
IXSX Tin. 


Slab . i 
ix 20 UAR. 


: 5 jn. Diameter 


42 in. Long 
7 in. Diameter 


14 in. Long 


Slab 


5 in. Diameter 


5 in. Diameter 


“Tin. Diameter. 


13 in, Diameter 


“Power ^ 2070 02 223 
Kilowatts 


45 
175 


175 


60 


1/3 


200 


200 


(200 


200. 








Uranium 


Alloy 
Weight Frequency 
Percent Cycles/Sec 
U-3/4 Ti* 960 
U-065Zr* 960 
U-10 Mo* 960 
U-6 Nb* 960 
U-8 Mo- 960 
1/2 Ti* 
U-3/4 Mo- 960 
3/4 Z1-3/4 
Nb-1/2 Ti* 
U-5 Zr** 3000 
U-5 Mo** 3000 
(Double 
Melt 
U-(ppm 3000 
Additions) ** 
1200 C, 300 Ni, 
500 Fe, 150 Cr, 
and 250 Si 
U-0.075 3000 
Al** 





*Y-12 Plant, Oak Ridge, TN. 








Moid 
Melting Temperature 
Cycle (°C) 
1370 ? C-Cool to 1000 °C Top 
1320 °C-Hold 30 min. 700°C 
Minutes-Pour Bottom 
1310 °C-Hold 10 ———-— 
Minutes-Pour 
1450 ? C-Hold 30 360 °C Top 
Minutes-Pour 225 °C 
Bottom 
1450 °C-Hold 30 1000 °C Top 
Minutes-Pour min 700 °C 
Bottom 


1425 °C-Hold 15 
Minutes. Cool to 
1350 °C-Hold 15 
Minutes-Pour 


1425 °C-Hold 15 
Minutes-Pour 


— eee 


1370-1425 °C- 
Hold 1-1/2 
Hours-Pour 


a 


1260 °C-Long 
Hold-Pour/Second 
Melt 1370 °C- 
1-1/2 Hour Hold- 
Pour 


—— oo O o a 


1400 °C- 1 Hour 
Hold-Pour 


— — — o em 
mae red Pit — ima 


**Feed Metal Production Center, Fernald, OH. 


TABLE 3. Typical Induction Melting Practices at the USDOE Y-12 Plant and the Feed Metal Production Center °(Cont’d) 


.. Typical Chemical 

| Top. “Bottom 
0.785 wt% 0.756 wt% 
Ti; 30 . Ti; 25 
ppm C ppmC 
0.60 wt% 0.58 wt% 
Zr Zr 
10.59 wt% 10.31 wt% 
Mo; 88 Mo; 87 
ppm € |^ ppmC 
5.94 wt% 5.96 wt% 
Nb; 79 Nb; 87 
ppm C ppm C 
7.96 wt% 7.364 wt% 
Mo; 0.85 Mo; 0.666 
wt% Ti wt% Ti; 8 
31 ppm C ppm C 
Mo 0.84 C 29 ppm 
Nb 0.68 | 
Zr 0.80 
Ti 0.58 
5.23 wt% 4.72 wt% 
Zr; 50 Zr; 50 
ppm C ppm C 


Carbon less than 


500 ppm 


C-1120 ppm, Ni-330 
Fe-530 ppm, Cr-160 


Si-270 ppm 


Reported as Excellent 
Ingot Homogeneity 
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FIGURE 13. Industry Overview of Depleted ae a Melting and Casting Capabilities . 












[San 
| Electroslag | 


. alloys prepared by co-reduction are refined and consisting of a charge of 50% virgin metal and 5096 
— reshaped by VIM. Tonnage-wise, VIM accounts for solid scrap. Melting and casting a 3000-Ib heat 
- well over 90% of the uranium melted and cast in would roughly cut the cost per pound in half. 
. the world to date with VAM accounting for most | | 
pus of the remainder. 
A du^ ERIS S 6 F SUMMARY 
q Melting and d Casting Costs Vacuum-induction melting is a widely used 
o technique for preparing castings of uranium and its 
alloys. It provides several advantages, such as __ 
simplicity of equipment and operation, considerable 
accumulated experience, and reasonable economy. 
Its chief disadvantage is potential carbon con- E 


TABLE 4. Estimated Full Recovery tamination from the graphite crucibles used | 
Costs for Vacuum-Induction Melting and throughout the industry, | FE a 


. Casting a 1500-Pound Heat of Uranium 


|. Table 4 indicates approximate full recovery costs 
— for melting and casting a 1500-Ib heat of uranium 





In the United States, n uranium a VIM equipment | 
Dollars Per Pound ee 
ot tanium consists of either a water-cooled steel shell ora 

-— S "Ts micarta shell surrounding an induction coil lined — 
Duct Labor (12 Hours per heat) 030 with a high-temperature refractor such as alumina. ANE. 
Direct Materials (mostly crucible/molds) 0.30 B p ry CRAS 

Utilities — . 0.15 In some instances, heat shields are used to. prevent. | 

Maintenance Labor and Materials | 0.10 excessive heatup of the outer furnace shell. It is. 

Equipment Depreciation » 0.05 also advantageous to have separate coils, controlled 

| Building Depreciation - $ | 0.05 th t bl t tc ro ide ec ifi | 
Sa Scrap Handing = 0.35 with a saturable core reactor, to provide specific us 
ns Total he E 1.50 zone heating of the crucible : and mold. The je Rocky | E 





* Flats Plant uses a wale odiei steel shell, alumina 
brick, and makes do with a single coil to heat the 
crucible and mold. 


“In the United States, power to the coil is supplied 
- by a motor generator or a solid-state converter 
where power and frequency depend upon the size 
of melt to be made. Frequencies of 1000 to 3000 
cycles per second are commonly used to melt 
uranium, with 1000 cycles being the most common. 


For uranium and its alloys, 60-cycle low frequencies 
are sometimes used in conjunction with higher 
frequencies to provide some electromagnetic 
stirring of the melt. Most of the melt heating is 
conduction and radiation from the inductively 
heated graphite crucible, which is an excellent 
susceptor material. Rocky Flats uses 960 Hz 
supplied by solid-state converters. 


Vacuum systems enable evacuation of the chamber 
to less than 100 microns with ample pumping 
capacity to maintain less than 200 microns during 
melting. Systems with routine vacuums less than 
10 microns and pumping capacities to maintain 
less than 50 microns during the melt are recom- 
mended and used at Rocky Flats. The vacuum 
equipment should consist of positive displacement 
and/or blower-type pumping systems rather than 
oil-diffusion systems. 


Uranium is a highly reactive metal and, therefore, 
requires selection of a compatible material for the 
crucible and mold to avoid excessive contamina- 
tion. Allowance must also be made for the 
reactivity of many alloying ingredients. Coated 
graphite crucibles and molds are used extensively 
in the industry. Crucible coating technology is 
limited, and most coatings break down to some 
extent at melt temperatures, especially when 
temperatures exceed 1400 °C, causing carbon 
pickup from the exposed raw graphite. The best 
combination of economics and performance is a 
crucible wash of yttria. The coating requirement 
for the mold is considerably less stringent than for 
the crucible because of the minimal molten metal 
contact. A mold coating should withstand high- 
temperature shock and have suitable mold release 
characteristics. 


EE ew 


Uncoated graphite molds: are sometimes dui in 
the United States for cold mold casting, 2 
that a dense grade of graphite i is used. For quality 
castings, a yttria mold wash is recommended, not 
only for its protective nature, but also for ease in 
stripping during mold reconditioning. Yttria 
coatings on all parts contacting molten uranium 
are used at Rocky Flats. 


Operating procedures vary with each composition 
to be melted and (to some extent) with each — 
furnace. It is, therefore, difficult to apply a set of 
operating conditions that will universally produce 
the desired results. However, operating parameters 
showing the greatest influence can be generalized. 


In most cases, it is advantageous to melt at the 
lowest temperature and shortest hold time possible 
for any given metal or alloy. This is due to 
deterioration of the coatings as temperature - 
increases. Excessive temperatures can also cause 
reaction between mold and ingot with resultant 
sticking. Inadequate temperatures require longer 
hold periods, causing deterioration of the coatings. 
In addition, temperatures too low provide inade- 
quate diffusional alloying and also tend to produce 
cold shuts on the casting surface. 


A superheat of 100 to 150 *C above the liquidus 
of the alloy is considered a good starting point; a 
200 °C superheat is used at Rocky Flats. Tempera- 
tures are usually measured by an optical pyrometer 
focused on the melt. Because of oxide formation 
at the melt surface, allowance must be made for 
errors in the readings. 


When uranium metal or alloy is poured into a cold 
mold, considerable cold shutting and surface 
porosity results. Increasing the pour temperature 
and rate of pour improves the cold shutting, but 
surface pitting may remain. Optimum results are 
obtained when the mold bottom is heated to 
700-750 ?C. This is the established minimum 
temperature at which the water in the graphite and 
coating is completely removed. If the water is not 
removed, its reaction with uranium produces gases 
that form pits on the surface. This temperature 
also allows for nominal superheat in the melt to 
prevent cold shuts on the ingot surface. The 
temperature at the mold top should be 300 to 
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; 400 ec behar is at tie bottom to promote 
E directional solidification and prevent excessive. 


E .. piping. High-pour temperatures and hotter o | 
3 fs Also: contribute to alloy segregation and formation 
Of carbides, which may or may not float to the do 


of the ingot during slow cooling. 


efficiencies. Cold pumpdown of the system to less 
| than 50- torr pressure with a leak rate not exceeding 


11200 torr per hour is generally. sufficient. The lower | T 
athe: pressure and the lower the leak rate, t the e better Lr 


E the melt Purity. 


| : | in ; Preliminary outgassing of the UE EOD and 
Wr mold i is advisable; this treatment consists of heating 


Re to 1350 °C for one hour. If the furnace has been 
| newly bricked, an empty run up to 1230. Ci is 
| also recommended for entao | 


Alloy. segregation, which occurs in vacuum- . ME EE de 
| induction melting, can be separated into segregation 
caused by the melting. process and that resulting 
from inherent solidification processes. Segregation 
resulting from. the melting process is chiefly caused 
_ by gravity segregation in them elt and more directly 
“to carbide formation of the alloying ingredient and 

subsequent drossing out of the carbides. If large 
ingots are cast requiring relatively long solidifica- 
tion. times, carbide flotation can continue in the 
mold. “Alloy separation in the crucible. can also - 
“occur: as a result of large density dif ferences > 
between the alloying addition and uranium and 


because of thermal gradients in the melt. Sixty- = 


| 7 cycle, low-frequency electromagnetic stirring is 


2d e questionable for reducing these effects. Mechanical 


n mixing of the melt using a paddle or inserting an 
argon lance into the melt is recommended for. | 
; stubborn mixing problems. - 2 


| T The importance of directional  tolidification 1 in 

E obtaining : a sound casting can. not be overempha- 
sized. To produce a sound ingot, it is critical that 
J freezing Proceed | from bottom to EE and, not from 
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